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50%.3,9,10 It has been suggested that this region, known as
the para-anastomotic hypercompliant zone (PHZ), is also
responsible for IH through inter alia the process of
increased cyclical stretching.7,9,11
In standard anastomotic techniques for vascular recon-
struction, the continuous monofilament suture is commonly
used; less frequently, an interrupted technique is used. Both
of these techniques result in the inevitable presence of for-
eign material at the blood graft interface and direct intimal
damage exposing thrombogenic extracellular matrix to tur-
bulent blood flow.12,13 The first report on the use of pene-
trating metal clips for performing vascular anastomoses
appeared more than 40 years ago.14 Despite the significant
reduction in anastomosis time, it was not widely adopted by
surgeons. Since then, Kirsch et al15 have developed a system
using titanium clips that relies on compression of two sur-
faces, thereby avoiding intimal damage. The impetus for this
development was a need to reduce the risk of graft failure
consequent to intimal damage at the suture line after cere-
brovascular reconstruction. In earlier studies in which this
type of anastomosis was used, equivalent or superior
mechanical properties were demonstrated when compared
with standard sutures.15 Furthermore, similar or even
improved healing characteristics of anastomoses with non-
penetrating clips compared with standard sutures have been
reported in recent studies.16
Although it is accepted that interrupted sutures result
in better compliance profiles than continuous sutures,4,17
Despite the use of autologous saphenous vein, grafts
may ultimately fail through the development of anastomotic
intimal hyperplasia (IH).1,2 Creation of an anastomosis
invariably generates a focal decrease in diameter and a drop
in compliance.3 This is determined by both surgical tech-
nique, depending on whether an interrupted or continuous
anastomosis is constructed, and the rigidity of suture mate-
rials, with their high elastic modulus. Although several the-
ories exist regarding the development of anastomotic IH,
para-anastomotic compliance mismatch is thought to play
an important role.4-6 This generates para-anastomotic flow
disturbances resulting in abnormal mechanical shear stresses
that may ultimately lead to endothelial cell loss, thereby ini-
tiating uncontrolled cellular proliferation.7,8 Furthermore,
there is a paradoxical increase in compliance within a few
millimeters on either side of the suture line in the order of
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Purpose: Anastomotic compliance is an important predictive factor for long-term patency of small diameter vascular
reconstruction. In this experimental study we compare the compliance of continuous and interrupted sutured vascular
anastomoses with those using nonpenetrating clips.
Methods: Both common carotid arteries in nine goats (average weight, 57 ± 5.7 kg) were transected, and end-to-end anas-
tomoses were constructed with nonpenetrating clips or polypropylene sutures. The latter were applied with both inter-
rupted and continuous techniques. Intraluminal pressure was measured with a Millar Mikro-tip transducer, and vessel
wall motion was determined with duplex ultrasound equipped with an echo-locked wall-tracking system. Diametrical
compliance was determined. Environmental scanning electron microscopy was performed on explanted anastomoses.
Results: There was a reduction in anastomotic compliance and associated proximal and distal para-anastomotic hyper-
compliant zones with the use of all techniques. However, compliance loss was significantly less in those anastomoses
with clips and interrupted sutures when compared with continuous suture (P < .001). Furthermore, the total compli-
ance mismatch across anastomoses with continuous sutures was significantly greater than those with clips or inter-
rupted sutures (P < .05). The mean time for constructing clipped anastomoses was 5.7 ± 1.4 minutes, which was
significantly less than either continuous (P < .0001) or interrupted sutures (P < .0001). Furthermore, environmental
scanning electron microscopy demonstrated minimal intimal damage with good intimal apposition in the clip group.
Conclusion: Anastomoses performed with nonpenetrating clips resulted in improved para-anastomotic compliance pro-
files and reduced intimal damage when compared with those with polypropylene sutures. These benefits may enhance
long-term graft patency by reducing the risk of anastomotic intimal hyperplasia. (J Vasc Surg 2001;33:812-20.)
as yet, in no studies has the para-anastomotic compliance
mismatch between standard sutured and clipped anasto-
mosis in vivo been compared. Therefore, the aim of this
study was to compare compliance profiles between anas-
tomoses with nonpenetrating clips and those with stan-
dard polypropylene sutures in a large animal model.
METHODS AND MATERIALS
Animal welfare and experimental model. The study
was conducted under a license granted by the Home
Office in accordance with the Animals (Scientific
Procedures) Act 1986. A goat carotid artery model was
used to evaluate the different anastomoses. Both common
carotid arteries were used to study end-to-end anastomo-
sis of transected native vessel to ensure that the suture line
between proximal and distal segments was both isodia-
metric and isocompliant. In this way, changes in diameter
and compliance were solely a function of the anastomosis.
Animal preparation and surgical procedure. Large
female Saanen goats (n = 9; average weight, 57 ± 5.7 kg)
were used. The animals were premedicated with azaper-
one (Stresnil; Janssen Animal Health, Saunderton,
Buckinghamshire, UK), 0.1 mL/kg intramuscularly. After
induction of anesthesia with ketamine hydrochloride
(Ketaset; Willows Francis Veterinary, UK), 5 mg/kg intra-
venously, the animals were intubated and mechanically
ventilated. Anesthesia was maintained with halothane
(May and Baker Ltd, Dagenham, UK), nitrous oxide, and
oxygen through a standard anesthetic circuit. Hind limb
vein was cannulated for fluid administration. The animal’s
temperature was maintained at 36° to 38°C with an elec-
tronic heating mat. A pulse oximeter (Ohmeda Biox
3740-pulse oximeter; Ohmeda Co, Louisville, Colo) was
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used for continuous monitoring of arterial oxygen satura-
tion and heart rate. All animals were allowed to stabilize
for 20 minutes before baseline measurements were
recorded. Common carotid artery blood flow (CCABF)
was measured throughout the procedure with a dual
Transonic Medical Flowmeter system (HT207; Transonic
Medical System Inc, Ithaca, NY) with a 4-mm diameter
transonic flowmeter perivascular probe placed around the
distal carotid artery.
After dissection of a 5-cm segment of the common
carotid artery (CCA), 5000 units of heparin was given
intravenously before clamps were applied on the CCA. The
vessel was then transected at its midpoint, and an anasto-
mosis was performed with continuous or interrupted 6-0
polypropylene sutures or medium-sized, 1.4-mm nonpen-
etrating, arcuate-legged clips (VCS, Auto Suture, A
Division of United States Surgical Corporation, Norwalk,
Conn). In the case of the latter, two 6-0 polypropylene stay
sutures were placed to assist closure and edges everted with
a specially designed nonpenetrating everting forceps (Fig
1). Eighteen anastomoses were constructed in random
fashion, 6 with nonpenetrating clips, 6 with a continuous
suture technique, and 6 with interrupted sutures.
On completion of the experiment, the animal was
humanely killed with a lethal dose (20 mL, 200 mg/mL)
of sodium pentobarbitone (Expiral; Sanofi Animal Health,
UK). The vessel was explanted to examine the luminal sur-
face of the anastomosis with digital photography and envi-
ronmental scanning electron microscopy (ESEM).
Determination of the compliance of the carotid
artery. The change in vessel wall diameter regarding each
cardiac cycle was measured at discrete sites along the
carotid artery with measurements taken in the sagittal
Fig 1. Medium-sized arcuate-legged clips within its applicator (A) and specially designed everting forceps (B).
plane at 90 degrees to the long axis of the vessel. Segments
of artery were imaged with a specially adapted, duplex
color Doppler ultrasound scanning system (Pie 350; Pie
Medical Systems, Maastricht, The Netherlands) with sig-
nal output to a high-resolution, echo-locked wall tracking
system (Wall Track; Pie Medical Systems). This system,
with a manufacturer-stated tracking accuracy of 8 µm,
allowed the measurement of vessel wall movement by
automatically tracking assigned points of induced radiofre-
quency signal deemed to be representative of the anterior
and posterior arterial wall over a period of time (Fig 2). A
detailed description of the system has been published.18,19
Real-time M-mode images of the arterial wall were
obtained with a 7.5-MHz linear array probe clamped
above the artery and with the M-mode cursor positioned
perpendicular to the long axis of the vessel; the change in
induced radiofrequency signal received from the vessel
walls was sampled. Data were then transferred to a per-
sonal computer for real-time display of displacement wave-
forms of both the anterior and posterior arterial walls,
allowing automatic determination of end-diastolic and
end-systolic intraluminal diameters for each cardiac cycle.
Intraluminal pressure was acquired with a Millar Mikro-tip
catheter (Millar Instrument, Inc, Houston, Tex), which
claims an accuracy of ± 3 mm Hg at sites corresponding to
the recorded luminal diameter. At each discrete site, three
sets of intraluminal pressure and vessel wall movement
were acquired simultaneously at sampling rates of 195 Hz
for 3 seconds (Fig 3). Cross-sectional or diametrical com-
pliance of the vessel was calculated, as previously












where D and P are vessel diameter and intraluminal pres-
sure, respectively, and the subscripts s and d refer to sys-
tole and diastole. The units for compliance are
percent/millimeters of mercury × 102. It has been esti-
mated that, with this system, the overall error of the com-
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Fig 2. CCA was imaged with specially adapted duplex color Doppler ultrasound system. Vessel wall movement was followed by track-
ing assigned points of induced radiofrequency signal deemed to be representative of anterior and posterior arterial walls.
pliance value from error propagation through diameter
and pressure readings is about ± 4%. On completion of an
anastomosis, recordings of vessel wall motion and intralu-
minal pressure were taken after a 30-minute period of
hemodynamic stabilization at the position of the intended
anastomosis and 4 mm on either side before transection
of CCA and repeated on completion of anastomosis with
readings at the suture line and 2, 4, 6, 8, 10, 15 and 20
mm on either side. On average, measurements were com-
pleted in 20 minutes after completion of the anastomoses.
An enhanced set of compliance parameters were com-
puted for each compliance-distance profile along the
CCA, as previously described (Fig 4).3 Reference values
(Cref) were calculated as the average of the compliance
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measurements at 20 mm away from the suture line. Cpeak
represents the maximum compliance value recorded
between Cref and the anastomosis (Ca). Furthermore, the
difference between Cref and Cpeak or Ca was represented
as Crise and Closs, respectively. The sum of Crise and Closs
represents the total compliance mismatch (Ctot). All com-
putations were performed for both proximal and distal
aspects of the anastomosis; therefore, each parameter has
the superscript P or D.
ESEM. Fresh specimens of explanted artery were cut
into 1-cm segments, and the luminal surface of the anasto-
mosis was washed with deionized water before examination
with an Electroscan E3 ESEM (Electroscan Corporation,
Wilmington, Mass). Digital images were acquired in a wet
Fig 3. Changes in arterial diameter (bottom) and luminal pressure (top) were recorded simultaneously.
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chamber environment at 8°C, 5 to 10 torr with a primary
beam voltage of 20 to 25 keV.
Data analysis and statistical methods. The average
vessel wall movement was obtained over three cardiac
cycles, and the diametrical compliance was calculated
according to the luminal pressure measured at the corre-
sponding time and site. The average of three sets of com-
pliance data at a given site was then calculated to obtain
mean values for each site along the vessel in each animal.
When a comparison with Cref was required, the value cal-
culated for the proximal site was used. Intergroup differ-
ences in diametrical compliance were compared with the
unpaired t test. Comparisons of diametrical compliance
among different sites on the same vessel were assessed
with the Kruskal-Wallis analysis of variance. CCABF
before and after creation of an anastomosis was compared
with the paired t test.
RESULTS
There was no significant difference in baseline demo-
graphic data such as weight, vessel diameter, CCABF, and
CCA compliance among the three groups (Table I).
Although there was a greater reduction in CCABF (16% ±
7%) after continuous sutured anastomoses than with either
clips or interrupted sutures, this was not statistically sig-
nificant with multiple comparison analysis.
At the time of explantation, all vessels were patent, as
determined by the flow probe. Although hemostasis was
achieved immediately on release of vessel clamps in all
anastomoses with continuous sutures, an additional clip
needed to be adjacent to a stay suture in one case, and an
additional suture was required in a single case of the inter-
rupted-suture group. Anastomoses were constructed with
a median of 10 middle-sized clips (range, 9-12) in the
clipped group, and 11 sutures (range, 10-13) were neces-
sary with interrupted sutures. The mean time for com-
pleting clipped anastomoses was 5.7 ± 1.4 minutes, which
was significantly less than either continuous (12.8 ± 1.9
minutes; P < .0001) or interrupted (14.3 ± 1.9 minutes,
P < .0001) sutures. Fig 5 shows the compliance distribu-
tion as a function of distance from the anastomosis for
each group, and Table II summarizes the computed data
from compliance-distance profiles. In all cases, Cref at
proximal and distal sites of the CCA was similar. Although
Fig 4. Typical compliance profile around anastomosis demonstrating proximal and distal PHZs. Cref represents compliance of the ves-
sel 20 mm from anastomosis (Ca). Cpeak represents maximum compliance recorded, and the difference between Cpeak and Cref and Ca
and Cref is represented as Crise and Closs, respectively. Superscripts P and D denote proximal or distal sites.
Table I. Summary of demographic data (mean ± SD) 
Technique of anastomosis Clips (n = 6) IS (n = 6) CS (n = 6) P value*
Body weight (kg) 57.0 ± 5.7 55.3 ± 6.6 56.0 ± 7.4 .210
CCA mean diameter (mm) 3.80 ± 0.11 3.67 ± 0.30 3.44 ± 0.27 .674
CCA compliance (%/mm Hg × 102) 6.02 ± 0.42 5.91 ± 0.39 5.81 ± 0.32 .199
Time taken for anastomosis (min) 5.7 ± 1.4 14.3 ± 1.9 12.8 ± 1.9 .0021
CCABF before anastomosis (mL/min) 548 ± 59 529 ± 77 482 ± 42 .197
CCABF after anastomosis (mL/min) 492 ± 25† 498 ± 59† 404 ± 59‡ .084
*By multiple comparison analysis among clips, IS, and CS with Kruskal-Wallis one-way analysis of variance by ranks.
†P > .6 compared with preanastomosis CCABF with the paired t test.
‡P = .020 compared with preanastomosis CCABF with the paired t test.
CCA, Common carotid artery; CCABF, common carotid artery blood flow; CS, continuous suture; IS, interrupted suture.
there was a significant drop in compliance between Cref
and the anastomosis (Ca) in the continuous suture group
(P = .018), there was no significant drop in either the
clipped (P = .057) or interrupted (P = .308) suture
groups, who used the paired t tests. Furthermore, there
was significantly greater loss of compliance at the anasto-
mosis (Ca) in those using a continuous suture when com-
pared with those using clips or interrupted sutures (P <
.001, unpaired t test). However, there was no significant
difference between the Ca of clipped and interrupted
suture groups (P = .351). Although proximal to the anas-
tomosis there was a significant rise in compliance (Crise) of
119% ± 71% (P = .013) and loss (Closs) of 52% ± 17% (P =
.018) in the continuous-suture group when normalized by
the reference value (Cref), there was only a significant Crise
of 42% ± 27% (P = .030) in the interrupted-suture group
but no significant loss in compliance. In the case of clipped
anastomoses, both Crise and Closs were not significantly
different when normalized by Cref (P = .15 and .057,
respectively).
The total compliance mismatch (Ctot) was similar when
calculated for proximal and distal sites of an anastomosis.
However, the absolute value of Ctot in both the clip and
interrupted-suture groups was similar (P = .513) but sig-
nificantly less than that for continuous sutures (P < .05).
Macroscopic findings of the luminal surface of
explanted anastomoses demonstrated good intimal apposi-
tion and no exposed foreign material in the clipped group.
However, suture material associated with thrombus is
clearly seen in the other two groups (Fig 6). Furthermore,
although no fibrin, vessel wall thrombus, or intimal injury
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was noted in specimens from the clipped group with
ESEM, these were noted around suture material and areas
of intimal damage in the other two groups, particularly at
the point of penetration through the intima (Fig 7).
DISCUSSION
Creation of an anastomosis affects the compliance at
both the suture line and regions proximal and distal to this
anastomosis.3 Although loss of compliance at an anasto-
mosis is of great importance, the PHZ augments any exist-
ing compliance mismatch and invariably leads to abnormal
stress and strain development within the arterial wall.5 A
finite element analysis of vascular wall mechanics demon-
strated an eightfold elevation in stress concentration at the
suture line when compared with native vessel in an end-to-
end anastomosis, despite the use of a graft with an ideal
compliance match.20 The resulting change in vessel wall
elasticity greatly affects propagation of pressure pulse
waves along a blood vessel and ultimately alters the blood
flow velocity profile, producing areas of flow separation
and turbulence.21-23 This in turn affects wall shear stress,
Fig 5. Comparison of para-anastomotic compliance profiles
among anastomoses constructed with clips (CL, top), interrupted
sutures (IS, middle), and continuous suture (CS, bottom).
Table II. Summary of compliance parameters computed
from distance-compliance profile along the blood vessel
from –20 to +20 mm on either side of anastomosis
Technique Clips IS CS P
of anastomosis (n = 6) (n = 6) (n = 6) value*
Proximal site
CrefP 6.58 ± 0.72 5.75 ± 0.42 5.48 ± 0.98 .195
CpeakP 7.28 ± 0.67 8.45 ± 1.05 11.48 ± 1.54 .013
Ca 4.83 ± 0.62 5.38 ± 0.90 2.53 ± 0.39 .021
CriseP 0.90 ± 0.37 2.70 ± 1.38 6.00 ± 2.26 .022
ClossP 1.75 ± 1.16 0.38 ± 0.61 2.95 ± 1.26 .049
CtotP 2.45 ± 1.01 3.08 ± 1.48 8.95 ± 1.25 .022
Distal site
CrefD 6.68 ± 0.24 6.50 ± 0.61 5.08 ± 0.83 .045 
CpeakD 6.73 ± 0.50 7.98 ± 0.63 10.90 ± 4.35 .011
Ca 4.83 ± 0.62 5.38 ± 0.90 2.53 ± 0.39 .021
CriseD 0.05 ± 0.61 1.48 ± 0.97 5.83 ± 4.47 .013
ClossD 1.85 ± 0.47 1.13 ± 1.11 2.55 ± 1.04 .160 
CtotD 1.90 ± 1.03 2.60 ± 0.29 8.38 ± 4.21 .019
The compliance is computed in units of %/mm Hg × 102. Cref represents
the compliance of the vessel 20 mm from the anastomosis (Ca). Cpeak rep-
resents the maximum compliance recorded, and the difference between
Cpeak and Cref and Ca and Cref is represented as Crise and Closs, respectively.
Superscripts P and D denote proximal or distal sites.
*By multiple comparison analysis among clips, IS, and CS with Kruskal-
Wallis one-way analysis of variance by ranks.
CS, Continuous suture; IS, interrupted suture.
a factor that is known to modify the biological response of
an endothelial layer.24 Furthermore, the presence of PHZs
is thought to be responsible for IH development, through
increased cyclical stretching of arterial wall within this
region, a process known to stimulate the activity of cul-
tured smooth muscle cells.11,24
In this study we have shown that all three types of
anastomoses produce a compliance drop at the anasto-
motic line and were associated with both proximal and dis-
tal PHZs. However, there was significantly less compliance
loss at the anastomosis with clips or interrupted sutures
when compared with continuous sutures. Furthermore,
both clipped and interrupted-sutured anastomoses
resulted in better para-anastomotic compliance profiles
with significantly less mismatch than those with continu-
ous sutures. However, it was not possible to infer any sig-
nificant difference between compliance profiles of
interrupted-sutured and clipped groups. These results, in
part, confirm earlier studies that demonstrated improved
compliance profiles with interrupted sutures compared
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Fig 6. View of luminal surface of explanted clipped (A) and interrupted-sutured (B) anastomoses. No intimal penetration was observed
when clips were used. However, fibrin and thrombus were seen around sutures.
with continuous sutures.4,17 Nevertheless, despite these
previous reports, interrupted-sutured techniques are not
widely practiced by vascular surgeons because they are
time-consuming. However, our results are in agreement
with other workers in this field, in that considerably less
time is required to construct anastomoses with clips than
with conventional polypropylene sutures.16,25,26
Although it is unclear whether the degree of compli-
ance mismatch determines the extent of IH that develops,
improved blood flow profiles certainly enhance endothelial
cell function in vitro.27 Anastomotic IH is a result of a fail-
ure of host tissues to heal in a regulated fashion and is mul-
tifactorial in etiology. Although earlier studies in which
silver nonpenetrating clips were used demonstrated signif-
icant perivascular and suture-line fibrosis, the current tita-
nium system has been shown to result in minimal reactive
changes with virtually no inflammation in the vessel wall.28
In this study we observed that standard sutured techniques
penetrate all layers of the vessel wall causing intimal dam-
age and leaving potentially thrombogenic material exposed
to blood flow; nonpenetrating clips demonstrated minimal
intimal injury and produce anastomoses with good intimal
apposition for healing. There are now a few reports
demonstrating that healing of anastomoses with nonpene-
trating arcuate-legged clips is similar if not better than that
with sutures.16,28-30 In a study in which clip and standard
suture closure of iliac arteriotomies and venotomies in a
porcine model was compared, Leppaniemi et al28 demon-
strated no significant difference in intimal thickness or
intima-to-media height ratios among vessels closed with
clips or sutures at 3 months. More recently, a canine model
study of a femoral arteriovenous fistula with an expanded
polytetrafluoroethylene graft demonstrated improved flow
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profiles, good intimal apposition, and no perianastomotic
hematoma in those access grafts constructed with nonpen-
etrating clips when compared with those with continuous
polypropylene sutures.25
Although there are several reports of successful use of
nonpenetrating clips in patients, including those undergo-
ing renal access procedures, coronary anastomosis, and
carotid endarterectomy,31-33 they are not widely used for
peripheral vascular reconstruction currently. Earlier reluc-
tance to use this technology was based on concerns of inti-
mal dissection in arteries with significant atheromatous
disease and also doubts about the strength of this type of
anastomosis. Greater familiarity and training in their use
may encourage more surgeons to use this technique for
vessels with minimal to moderate disease and, particularly,
in patients undergoing local endarterectomy. Our finding
of improved para-anastomotic compliance profiles and
reduced intimal damage with nonpenetrating clips may
enhance long-term graft patency by reducing the risk of
IH. Furthermore, the results of ongoing studies address-
ing the issue of compliance profiles in healing anastomoses
may increase our understanding of the significance of
PHZs in the development of IH.
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